Photoelectron spectra of the three isomers of the benzene dicarboxylate dianion ͑o-, m-, and p-BDC 2Ϫ ͒ were measured in the gas phase at five photon energies. Detachment features from the carboxylate groups and the electrons of the ring were clearly observed and distinguished. The electron binding energies were found to increase from the very small value of ϳ0.2 eV in o-BDC 2Ϫ to about 1.0 eV in p-BDC 2Ϫ , due to the reduced Coulomb repulsion as the two excess charges become farther apart. We found that the repulsive Coulomb barrier ͑RCB͒ for detaching electrons from the carboxylates decreases from o-BDC 2Ϫ to p-BDC
I. INTRODUCTION
Multiply charged anions ͑MCAs͒ are common in the condensed phase and play important roles in chemistry, biochemistry, and solid materials. However, MCAs have rarely been observed in the gas phase until very recently. [1] [2] [3] [4] [5] [6] The strong Coulomb repulsion between the excess charges in free MCAs often make them rather fragile relative to electron autodetachment or charge-separation fragmentation in the absence of solvent or counterions. On the other hand, there exists a repulsive Coulomb barrier ͑RCB͒ against electron detachment or charge-separation fragmentation that provides dynamic stability for MCAs. In both processes the final products consist of two negatively charged particles and their long-range interaction is primarily Coulomb repulsion. Short-range binding combined with the long-range repulsion creates the RCB, which can render substantial lifetimes even for thermodynamically unstable MCAs. The RCB relative to charge-separation fragmentation has been recognized in previous theoretical studies of MCAs. Cederbaum et al. 2, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] and Simons et al. 4, [17] [18] [19] [20] [21] have predicted a number of electronically stable free MCAs, which are in fact unstable relative to fragmentation but still possess substantial lifetimes due to the RCB. The RCB relative to electron detachment has been inferred by Compton et al. 1, [22] [23] [24] in their investigation of doubly charged fullerene anions and others in investigation of charging effects in metal clusters. [25] [26] [27] [28] [29] Recently, we developed an experimental technique to investigate gas phase MCAs using photodetachment photoelectron spectroscopy ͑PES͒ and electrospray ionization. [30] [31] [32] [33] [34] PES is ideal for probing the intrinsic properties of free MCAs and directly yields information about their stability, [35] [36] [37] [38] [39] [40] [41] [42] [43] intramolecular Coulomb repulsion, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] and solvation effects. 44 We were able to directly observe the existence of the RCB against electron detachment in MCAs and estimate its magnitude. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] We found profound effects of the RCB on photodetachment processes and the resulting PES spectra. In particular, we found that no photoelectrons can be observed even when a photon energy is above the binding energy of a given detachment channel, if the photon energy is below the corresponding RCB. This has now become a universal signature of PES of MCAs, rendering threshold photodetachment impossible. We were able to estimate ͑or bracket͒ the magnitude of the RCB by measuring PES spectra at different photon energies. More importantly, we found that the RCB is equal in magnitude to the Coulomb repulsion between the excess charges at the equilibrium structure of an MCA. We have also observed electron tunneling effects through the RCB. Interestingly, we have been able to use the ␣-decay theory to semi-quantitatively interpret the electron tunneling data, 45 because the long-range repulsive Coulomb potentials are analogous between the emission of an ␣ particle from an atomic nucleus and that of an electron from an MCA.
In our previous studies, we have used a simple, schematic one-dimensional potential curve, such as that shown in Fig. 1 , to understand and represent the RCB in MCAs and its effects on the PES spectra. In reality, except for atomic species or completely spherical molecules, the RCB is expected to be complicated, multi-dimensional, and anisotropic. The RCB depicted in Fig. 1 may be considered to be along the direction of minimal Coulomb repulsion. Interestingly, Dreuw and Cederbaum have recently calculated the RCB for a linear dianion, 46 C-C-Be-C-C 2Ϫ , and indeed found a strong anisotropy in removing an electron from the highest occupied molecular orbital of BeC 4 2Ϫ . Our estimation of the RCB from PES spectra of an MCA relies on photon-energy-dependent studies, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] which are qualitatively illustrated in Fig. 1 . For example, the photon energy h 1 is below the RCB, thus there will be either no PES signals or reduced PES signals due to electron tunneling. In the tunneling regime, the normal Franck-Condon envelopes are modified by the tunneling probability for different vibrational levels, often resulting in PES bands shifted to lower binding energies. 45 This has also become a signature of PES of MCAs. At this photon energy, the RCB can be estimated to be larger than (h 1 ϪEB). On the other hand, the photon energy h 3 is above the RCB, and in this case the RCB would be estimated to be less than (h 3 ϪEB). Hence, we can bracket the RCB: (h 1 ϪEB)ϽRCBϽ(h 3 ϪEB).
If we find a photon energy (h 2 ) to be near the top of the RCB, we obtain: RCBϳ(h 2 ϪEB).
Furthermore, we have found that different detachment channels, corresponding to removing electrons from different molecular orbitals ͑MOs͒ of an MCA, have their own RCBs. This should also be considered as a kind of anisotropy of the RCBs, owing to the different Coulomb repulsion experienced by individual electrons in different MOs. In principle, the individual RCBs can be estimated using tunable detachment photons. However, due to the few limited detachment laser wavelengths that we have available, we have previously assumed that the RCBs are similar for different detachment channels. [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] This assumption is expected to be valid for small MCAs or for removing electrons from MOs, which are mainly localized on the charge carrier groups ͑such as the carboxylate group, -CO 2 Ϫ or sulfonate group, -SO 3 Ϫ ͒. In the current paper, we report observations of a distinct anisotropy or inequivalence of the RCBs for different detachment channels within the same MCA. We have obtained PES spectra of the three isomers of the benzene dicarboxylate dianion ͑o-, m-, and p-BDC
2Ϫ
͒ and observed distinct detachment features from the carboxylates and the electrons of the ring. Surprisingly, we found that the RCBs for detaching electrons from the carboxylate or from the ring orbitals are quite different for each dianion. Specifically, we found that the RCBs for detachment of electrons from the carboxylate groups ͑the charge carriers͒ vary in the three isomers, corresponding to their respective intramolecular Coulomb repulsions, as expected. However, we observed that the RCBs for detachment of the ring electrons are similar in the three isomers. Theoretical calculations were carried out to understand the structural aspect of the three dianions and help elucidate the different intramolecular Coulomb repulsions among the three isomers.
II. EXPERIMENTS
The experiments were performed with our magneticbottle time-of-flight PES apparatus with an electrospray source. Details have been published elsewhere 30 and only a very brief description is given here. A 10 Ϫ4 M solution of each diacid ͑pHϳ10 by adding NaOH͒ in a water/methanol ͑2/98 volume ratio͒ mixed solvent was sprayed through a 0.01 mm diameter syringe needle ͑biased at Ϫ2.2 kV͒ into ambient atmosphere. The resulting charged droplets were fed into a desolvation capillary heated to ϳ70°C. Molecular anions formed in the desolvation capillary were guided by a radio-frequency quadrupole device into a quadrupole iontrap. Ions were accumulated for 0.1 s in the trap before being pulsed out into the extraction zone of a time-of-flight mass spectrometer. The dominant anion signals in each case were the deprotonated species, both dianions and mono-anions. Weaker solvent complexes with one or two solvent molecules were also present. The dianion species of interest were mass-selected and decelerated before intercepted by a probe laser beam in the photodetachment zone of the magneticbottle photoelectron analyzer. Both a Nd:YAG laser ͑532, 355, and 266 nm͒ and an excimer laser ͑193 and 157 nm͒ were used for photodetachment in the current experiment. nϪ , and how photon-energy-dependent detachment spectra can be used to estimate the RCB ͑see text͒.
Photoelectrons were collected at nearly 100% efficiency by the magnetic-bottle and analyzed in a 4 m electron flight tube. Photoelectron TOF spectra were collected and then converted to kinetic energy spectra, calibrated by the spectra of I Ϫ and O Ϫ . The electron binding energy spectra presented were obtained by subtracting the kinetic energy spectra from the detachment photon energies. The electron kinetic energy resolution was ⌬E/Eϳ2%, i.e., 20 meV for 1 eV electrons.
III. THEORETICAL DETAILS
We used theoretical chemistry to determine the geometry and electronic structure of the three isomers of the dianion and the corresponding monoanion, and as verification of our interpretation of the PES spectra. We first optimized all the species with density functional theory ͑DFT͒. The optimizations used the hybrid B3LYP 47 exchange-correlation functional and the 6-311ϩG* basis set. 48 We calculated the frequencies for all species to verify that the geometries were minima on the potential energy surface. The only significant conformation flexibility involves rotation of the carboxylate groups. We explored these rotations and found only one stable conformer for each isomer of the dianion and the corresponding isomers of the monoanion.
Following the DFT optimizations, single point energies were obtained using second order Møller-Plessett perturbation theory ͑MP2͒ 49 and the 6-311ϩG(2d f ) basis set. The vertical detachment energy was taken as the difference in total energy between the dianion and the corresponding monoanion at the dianion geometry. The reported adiabatic detachment energy is the difference in total energy between the optimized geometries of the dianion and monoanion. All the theoretical calculations were done with GAUSSIAN98. The photoelectron spectra of o-, m-, and p-BDC 2Ϫ are shown in Figs. 2-4, respectively, at the five detachment photon energies. For all three dianions, we obtained rather congested spectra. Several observations can be made about the data. First, the electron binding energies increase from o-to p-BDC 2Ϫ as the charge separation increases ͑less Coulomb repulsion͒. The o-BDC 2Ϫ dianion is barely electronically stable with a very small electron binding energy ͑Fig. 2͒. Owing to the lack of sharp threshold features, we can only estimate the adiabatic electron detachment energies ͑ADEs͒ by comparing the spectra at different photon energies. The congested spectra also make it difficult for us to obtain the vertical detachment energies ͑VDEs͒. As we will show below, because of the RCB, higher binding energy features were cut off in the 355 nm spectra. We thus used the peak maximum in the 355 nm as the VDEs for the ground state transition and obtained estimates of the VDE as 0.47 ͑0.10͒, 1.08 ͑0.10͒, and 1.38 ͑0.10͒ eV for o-, m-, and p-BDC 2Ϫ , respectively. As we found previously and again will be discussed below, if a given photon energy is below the RCB for a given detachment transition, the PES spectrum at this photon energy cannot be used to measure the binding energy, because electron tunneling alters the normal Franck-Condon envelope for the transition. We estimated ADEs ͑with large uncertainties͒ of 0.20 ͑0.10͒, 0.85 ͑0.10͒, and 1.00 ͑0.10͒ eV for o-, m-, and p-BDC 2Ϫ , respectively, by carefully comparing the spectra at different photon energies. The estimated ADEs and VDEs are summarized in Table I . Second, all detachment features occur below 3 eV in the three dianions. The higher binding energy features ͑above 3.5 eV͒ observed in the 266, 193, and 157 nm spectra are due to detachment of singly charged anions by a second photon. These features show strong photon flux dependence. Third, the spectra for all three species show successive disappearance of higher binding energy features in the lower photon energy spectra due to the presence of the RCB, indicating the doubly charged nature of these species. These data will be used later to estimate the magnitude of the RCB.
B. Nature of the photodetachment features of the BDC 2À dianions
The PES spectra of o-BDC 2Ϫ show two characteristic groups of features, as seen more clearly in the 193 and 157 nm spectra ͑Fig. 2͒. The first group at lower binding energies consists of features between the threshold to about 1.6 eV. There are probably several unresolved electronic transitions in this spectral range. The second group, consisting of a broad band, is centered around 2.2 eV ͓Fig. 2͑d͔͒. Interest- ingly, the same feature seems to be present in the spectra of all three dianions with nearly identical binding energies, as shown more clearly in Fig. 5͑b͒ . It appears that the first group of features is also present in the spectra of m-and p-BDC 2Ϫ , although they were shifted to higher binding energies, resulting in the seemingly more congested spectra in the latter cases. We attribute the first group of features to be from detachment of electrons of the carboxylate groups and the second group to be from the system of the ring. This interpretation is reasonable, considering the fact that there is less Coulomb repulsion between the two carboxylates in mand p-BDC 2Ϫ and the electron binding energies related to the carboxylates are expected to increase relative to o-BDC
2Ϫ
. On the other hand, the Coulomb repulsion between the two negative charges ͑mainly localized on the carboxylates͒ and the electrons of the ring is expected to be similar in the three isomers. Thus it is understandable that the binding energies of the ring electrons would be similar in all three dianions.
To confirm our interpretation of the origin of the two groups of features in the BDC 2Ϫ dianions, we further performed experiments on two singly charged anions involving the carboxylate and benzene moieties. The first species is octanoate ͓CH 3 ͑CH 2 ͒ 6 CO 2 Ϫ ͔ with a saturated hydrocarbon chain. Its PES spectrum at 193 nm is shown in Fig. 6͑a͒ . It consists of two features, characteristic of detachment from the-CO 2 Ϫ group. We have observed similar features for a series of such mono-carboxylates with different hydrocarbon chain lengths. Interestingly, we have observed similar features even for dicarboxylate dianions with saturated hydrocarbon chains ͓Fig. 6͑b͔͒, though at lower binding energies due to the intramolecular Coulomb repulsion. The second singly charged species that we studied is benzoate. Its spectra at 193 and 157 nm are shown in Fig. 6͑c͒ and Fig. 6͑d͒ , respectively. The two features at the lower binding energies are similar to the features in the spectrum of octanoate and are clearly due to the ϪCO 2 Ϫ moiety. Two additional features at higher binding energies are also observed in the spectra of benzoate and are due to detachment of the electrons of the ring. Comparing the 193 and 157 nm spectra of benzoate, we see an obvious photon energy dependence of the different features. In particular, the intensities of the features due to the ring systems are significantly reduced in the 157 nm spectrum. We note that the 193 and 157 nm spectra of o-BDC 2Ϫ exhibit a striking similarity to the corresponding spectra of benzoate, confirming our interpretation of the origins of the PES features for the BDC 2Ϫ dianions.
C. Photon-energy-dependent PES and the repulsive Coulomb barriers
As shown in Fig. 1 and discussed previously, we can estimate the RCB in MCAs using PES data at different photon energies. If the detachment photon energy is near or below the RCB, the intensity of the detachment feature will be reduced due to electron tunneling. If the detachment photon energy is much below the RCB, the electron tunneling probability is very small and no photoelectron signals will be observed. However, we have to first distinguish the effects due to photon-energy-dependent detachment cross sections from those due to the RCBs. For example, the detachment feature from the ring system in all three BDC 2Ϫ shows a reduced intensity in the 157 nm spectra ͑Figs. 2-4͒. This is clearly due to a reduced cross section of this detachment channel at 157 nm relative to that at 193 nm. This conclusion is confirmed by the data for benzonate at the same wavelengths ͑Fig. 6͒. In fact, the reduction of the intensity of the 2.2 eV feature significantly changed the appearance of the 157 nm spectra of m-and p-BDC 2Ϫ ͓Fig. 3͑e͒ and Fig. 4͑e͔͒ due to overlap of the features derived from the carboxylates and the ring system.
On the other hand, the significantly decreased intensity of the 2.2 eV feature in the 266 nm spectra ͓Fig. 5͑a͔͒ is due to the RCB, indicating that the 266 nm photon is lower than the RCB of this detachment channel. In general, it is easy to distinguish the RCB effects from the cross section effects. First, the RCB effects due to electron tunneling are always observed from a higher photon energy to a lower one. Second, the RCB effects always induce a shift of the PES feature to lower binding energies, as shown clearly in the 266 nm spectrum of o-BDC 2Ϫ ͓Fig. 5͑a͔͒. The overlap of the 2.2 eV feature and the carboxylate-derived features makes it difficult to see the shift in the 266 nm spectra of m-and p-BDC 2Ϫ ͓Fig. 5͑a͔͒. This spectral shift is due to the fact that in the tunneling regime the Franck-Condon profile is modified by the tunneling probability, which exponentially depends on the electron kinetic energies. 45 Therefore, we can firmly conclude that the 266 nm photon is lower than the RCB for the detachment channel of the ring system ͓designated as RCB( C6 )͔, whereas the 193 nm photon is above RCB( C6 ) for all three isomers. The RCB( C6 ) for all three isomers is then estimated to be: 2.5 eVϽRCB( C6 )Ͻ4.2 eV. The 2.5 eV lower limit is de- rived from the 266 nm spectra ͑4.661 eV-2.2 eV͒ and the 4.2 eV upper limit is obtained from the 193 nm spectra ͑6.424 eV-2.2 eV͒. The 355 nm photon is too far below the RCB( C6 ), and thus the 2.2 eV feature completely disappears from the 355 nm spectra of all three BDC 2Ϫ dianions ͑Figs. 2-4͒. The large range of the estimate is due to the fact that the two photon energies used to derive the RCB( C6 ) are rather far apart. The range could be narrowed if intermediate photon energies were available. The RCB( C6 ) could be even more accurately determined if tunable photons were used.
The observation that RCB( C6 ) is similar in the three BDC 2Ϫ isomers is a surprise. The similarity of RCB( C6 ) in the three isomers suggests that the Coulomb repulsion experienced by the ring electrons is similar in these dianions, which is evidenced in the similar binding energies of this detachment channel in all three isomers. We will show later that this can be understood based on the structures of the three dianions obtained from our theoretical calculations.
On the other hand, the Coulomb repulsion between the two excess charges in the three isomers is very different, as reflected in their different ADEs. Thus the RCBs for the detachment channels involving the carboxylate groups ͓des-ignated RCB͑CO 2 Ϫ ͔͒ in the three isomers are expected to vary, decreasing from o-to p-BDC 2Ϫ . Due to the lack of well-resolved features involving detachment of the carboxylate groups, the estimates of the RCB͑CO 2 Ϫ ͒ are more difficult. We need to make two assumptions to facilitate these estimates. First, the broad PES features from the carboxylates probably contain several detachment channels; we assume that these detachment channels all have the same RCBs. This is a reasonable assumption since the electrons removed in these cases are all from the carboxylate groups and are thus expected to experience the same Coulomb repulsion. Second, we assume that the disappearance or reduction of signal intensities from 266 to 532 nm in the spectra of all three dianions is due to the RCB, i.e., they are not due to detachment cross section effects as observed for the 2.2 eV feature between 193 and 157 nm. This assumption is also reasonable because the range of photon energy change from 266 to 355 nm and from 355 to 532 nm is not too great.
With the above two assumptions, we can estimate the RCB͑CO 2 Ϫ ͒ for each dianion on the basis of the cutoff or reduction of PES signals from the 266 to 532 nm spectra. First of all, the slight shift of the PES spectra to lower binding energies in the 532 nm spectra ͑more clearly seen in the m-and p-BDC 2Ϫ spectra͒ and the relatively weak PES signals suggest that the 532 nm photon is likely below the RCB͑CO 2 Ϫ ͒ for the ground state transition of all three dianions. This yields a lower limit of 2.1, 1.5, and 1.3 eV ͑i.e., 2.331 eV minus the threshold electron binding energy of each dianion͒, for the RCB͑CO 2 Ϫ ͒ of o-, m-, and p-BDC 2Ϫ , respectively. The 355 nm spectrum of o-BDC 2Ϫ ͓Fig. 2͑b͔͒ is cut off at about 1.2 eV, but the PES intensity begins to decrease around 0.5 eV. We thus infer that the RCB͑CO 2 Ϫ ͒1
for o-BDC 2Ϫ is probably around 3.0 eV ͑3.496 eV-0.5 eV͒. The cutoff of the 355 nm spectrum of m-BDC 2Ϫ ͓Fig. 3͑b͔͒ occurs near 1.7 eV, but the spectral intensity drops precipitously starting at ϳ1.2 eV, resulting in an RCB͑CO 2 Ϫ ͒ of ϳ2.3 eV. Similarly, the spectrum of the 355 nm spectrum of p-BDC 2Ϫ ͓Fig. 4͑b͔͒ drops at ϳ1.6 eV, giving an RCB͑CO 2 Ϫ ͒ of ϳ1.9 eV for p-BDC 2Ϫ . All the estimated RCBs are also given in Table I and schematically shown in Fig. 7 .
Therefore, we observed a systematic decrease of RCB͑CO 2 Ϫ ͒ from o-to p-BDC 2Ϫ . This is expected because the intramolecular Coulomb repulsion between the two excess charges, which are mainly localized on the carboxylates, decreases in this order. However, as discussed above, the RCB( C6 ) is quite different from these values, except for o-BDC lecular electron-electron repulsion induced by the two excess negative charges for electrons localized in different MOs. This is expected to be common for relatively large MCAs, where electrons localized in different parts of the large molecules experience different Coulomb repulsions. Thus the anisotropy of the RCB within an MCA can provide significant insight into the intramolecular electrostatic interactions. We will show next that this anisotropy in the BDC 2Ϫ dianions can be understood based on their structures obtained theoretically.
D. Theoretical results and structures of o-BDC

2À
, m-BDC
, and p-BDC
The optimized geometries of the dianions are shown in Fig. 8 with selected bond lengths and Mulliken Charges. We first consider o-BDC 2Ϫ . The strong electrostatic repulsion between the carboxylate groups is reflected in its geometry. For example, the optimized geometry of o-BDC 2Ϫ has C 2 symmetry ͓Fig. 8͑a͔͒, with the carboxylate groups rotated ϳ54°away from the plane of the benzene ring. In all of the other isomers, and in all the isomers of the monoanion ͑Fig. 9͒, there is less repulsion between the carboxylates, which hence maintain planarity with the ring due to conjugative interactions. The bond length between the two ring carbons to which the carboxylate groups are attached in o-BDC 2Ϫ is 1.416 Å. This is longer than any of the C-C bonds in the rings of any of the isomers. The carboxylate groups are slightly asymmetric; the two C-O bond lengths are 1.251 Å and 1.261 Å and the corresponding ЄC-C-O bond angles are 115.9°and 115.3°.
The meta isomer is planar with C 2 symmetry ͓Fig. 8͑b͔͒. In m-BDC 2Ϫ the carboxylate groups are much farther apart than in o-BDC
2Ϫ
. The C-C bond lengths within the ring are relatively uniform, ranging from 1.396 to 1.404 Å. The bond between the ring carbon to which the carboxylate is attached and the carboxylate carbon is 0.003 Å longer than in the ortho isomer. The C-O bond lengths are also slightly longer. The ЄC-C-O bond angles are 116.7°and 115.8°. The para isomer is also planar and has D 2h symmetry ͓Fig. 8͑c͔͒. The C-C bond lengths in the ring are even more uniform ͑1.397-1.401 Å͒, suggesting less strain on the ring with the carboxylate groups being farther apart. The carboxylate groups are now symmetric, with both C-O bond lengths being 1.260 Å and the ЄC-C-O angles being 116.2°.
The partial atomic charges from Mulliken population analyses of the MP2/6-311ϩG(2d f ) wave functions are also given in Fig. 8 . The sums of the charges on the atoms in the carboxylate groups are Ϫ0.91͉e͉ ͑ortho͒, Ϫ0.83͉e͉ ͑meta͒, and Ϫ0.82͉e͉ ͑para͒. Thus there is a slight tendency for the charge on the carboxylate group to decrease as the groups become farther apart. As expected, most of the charge of the dianions is concentrated on the oxygens.
The B3LYP/6-311ϩG* optimized geometries of the monoanions are shown in Fig. 9 . All are planar. For the ortho isomer the C-C bond lengths in the ring are all within 0.007 Å of the corresponding bonds in the dianion. However, the C-C bond length between the ring and carboxylate carbons is much shorter ͑by 0.023 Å͒. The carboxylate groups are also more asymmetric, with C-O bond lengths of 1.241 and 1.277 Å. In the meta isomer the differences in bond distances are also small, with all bond lengths in the ring being the same as those in the dianion to within 0.005 Å. As in the ortho isomer, the bond between the ring and carboxylate carbons is much shorter ͑by 0.044 Å͒ than that in the dianion. The situation is the same for the para isomer; all bond lengths are very similar to those of the dianion except for a substantial shortening of the bond between the ring and carboxylate carbons. In this case the difference is 0.042 Å.
In Fig. 9 we also show the spin populations derived from the Mulliken analysis. The unpaired electron is shared between the carboxylate groups, but is centered on only one oxygen of each carboxylate. In the case of the ortho isomer, the spin is on the two oxygens that are closest together, while for the meta and para isomers the spin is delocalized on the two oxygens that are farthest apart. Note that the symmetry of the para isomer is C 2h rather than D 2h , which allows this spin distribution.
Finally, in Table I we also present the MP2/6-311 ϩG(2d f )//B3LYP/6-311ϩG* detachment energies. The theoretical VDEs are all in excellent agreement with the experimental values. However, the theoretical results seem to underestimate the ADE of o-BDC 2Ϫ while overestimating the ADEs of m-and p-BDC
. For the ortho isomer, the theoretical results indicate that the monoanion is lower in energy than the dianion, resulting in a negative ADE of Ϫ0.27 eV. Nevertheless, the trend in the ADEs is consistent with the experimental values. We expect higher levels of theory ͓i.e., CCSD͑T͔͒ will be needed in order to duplicate better the experimental ADEs, 51 as we have shown in another recent study.
52
E. Repulsive Coulomb barriers and the intramolecular Coulomb repulsion
As we have found before, the RCB in MCAs is equivalent to the magnitude of the intramolecular Coulomb repulsion. 31, 32 As seen in Fig. 8 , the excess charges in the three BDC 2Ϫ are localized on the carboxylates, primarily on the oxygen atoms. Thus using the optimized geometries of the dianions, we can estimate roughly the intramolecular repulsion using Coulomb's law ͓e 2 /4 0 r or 14. Fig. 8 , the charge is not equally shared by the two oxygens in the carboxylate groups. The oxygens that are farthest apart tend to carry more charge, thus reducing the Coulomb repulsion. For example, a repulsion energy of 2.7 eV is obtained if the farthest O-O distance ͑5.33 Å͒ is used. Despite the crude, classical nature of the point-charge model, the current results are consistent with our previous observations that the RCB is equal in magnitude to the intramolecular Coulomb repulsion.
The above observations concern detachment of electrons from the charge carriers, i.e., the carboxylate groups. However, how do we understand the RCB( C6 ), which is related to removal of electrons other than those of the charge carriers? The similarity of the RCB( C6 ) among the three isomers can be understood from the optimized structures ͑Fig. 8͒, which indeed show that the carboxylates in the three isomers maintain similar distances to the ring center ͑ϳ3.7 Å͒. The ring electrons are then expected to experience a similar short-range repulsion ͓2ϫ14.4/3.7 eV, i.e., ϳ7.8 eV͔ from the carboxylates in all the three dianions, which is the origin of the similar RCB( C6 ) observed.
Therefore, we have observed that, in a large MCA, different parts of the molecule will experience different Coulomb repulsions when the excess charges are localized. As we have shown before, the RCB͑CO 2 Ϫ ͒, involved in detachment of electrons from the charge carriers, is equal in magnitude to the Coulomb repulsion between the two excess charges at the equilibrium geometry. However, as we see above, the Coulomb repulsion experienced by the ring electrons is about 7.8 eV, which is much larger than the RCB( C6 ) that we estimated in Sec. IV C ͑2.5-4.2 eV͒. How do we reconcile these observations? It should be pointed out that upon detachment of a ring electron a positive hole is created. Thus the ejected electron not only will experience the Coulomb repulsion of the two negative charges, but also Coulomb attraction from the positive hole. We thus expect that the RCB will involve a combination of the repulsion and attraction at certain distance between the ejected electron and the positive hole. Therefore, the RCB in this case would be expected to be smaller than the Coulomb repulsion experienced by the ring electrons at the equilibrium geometry.
V. CONCLUSIONS
In conclusion, we have observed that the RCB for different detachment channels of a large MCA depends on the nature or location of the electrons being detached. If the electrons are from the charge carriers, the RCB for the different channels will be similar to the intramolecular Coulomb repulsion at the equilibrium geometry of the MCA. If the electron being detached is not from the charge carrier, the RCB will be different and cannot be simply equated to the intramolecular Coulomb repulsion. We have obtained photodetachment spectra of three isomers of benzenedicarboxylate dianions. Detachment features from the carboxylates, which are the charge carriers, and the electrons of the ring were clearly observed. We found that the RCBs for the detachment channels involving the carboxylates and the ring electrons are different. While the RCB͑CO 2 Ϫ ͒ varies between the three isomers and is equal to the intramolecular Coulomb repulsion between the two excess charges, the RCB( C6 ) is relatively constant among the three isomers. The latter is understood to be due to the similar Coulomb repulsions experienced by the electrons in the three dianions. Theoretical calculations were carried out to obtain the equilibrium structures of both the dianions and the monoanions and help understand the intramolecular electrostatic interactions. 
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